u, Although the assessment of spinal cord function by electrophysiological techniques has become important in both clinical and research environments, current monitoring methods do not completely evaluate all tracts in the spinal cord. Somatosensory and motor evoked potentials primarily reflect dorsal column and pyramidal tract integrity, respectively, but do not directly assess the status of the ventral funiculus. The present study was undertaken to evaluate the use of evoked potentials, elicited by direct cerebellar stimulation, in monitoring the ventral component of the rodent spinal cord. Twenty-nine rats underwent epidural anodal stimulation directly over the cerebellar cortex, with recording of evoked responses from the lower thoracic spinal cord, both sciatic nerves, and/or both gaslrocnemius muscles. Stimulation parameters were varied to establish normative characteristics. The pathways conducting these "posterior fossa evoked potentials" were determined after creation of various lesions of the cervical spinal cord.
u, Although the assessment of spinal cord function by electrophysiological techniques has become important in both clinical and research environments, current monitoring methods do not completely evaluate all tracts in the spinal cord. Somatosensory and motor evoked potentials primarily reflect dorsal column and pyramidal tract integrity, respectively, but do not directly assess the status of the ventral funiculus. The present study was undertaken to evaluate the use of evoked potentials, elicited by direct cerebellar stimulation, in monitoring the ventral component of the rodent spinal cord. Twenty-nine rats underwent epidural anodal stimulation directly over the cerebellar cortex, with recording of evoked responses from the lower thoracic spinal cord, both sciatic nerves, and/or both gaslrocnemius muscles. Stimulation parameters were varied to establish normative characteristics. The pathways conducting these "posterior fossa evoked potentials" were determined after creation of various lesions of the cervical spinal cord.
The evoked potential recorded from the thoracic spinal cord consisted of five positive (P~ to Ps) and five negative (N~ to Ns) peaks. The average conduction velocity (_+ standard deviation) of the earliest wave (P,) was 53 + 4 m/sec, with a latency of 1.24 _+ 0.10 msec. The other components followed within 4 msec from stimulus onset. Unilateral cerebellar stimulation resulted in bilateral sciatic nerve and gastrocnemius muscle responses; there were no significant differences (p > 0.05) in the thresholds, amplitudes, or latencies of these responses elicited by fight-versus left-sided stimulation. Recordings performed following creation of selective lesions of the cervical cord indicated that the thoracic response was carried primarily in the ventral funiculus while the sciatic and gastrocnemius responses were mediated through the dorsal half of the spinal cord. It is concluded that the posterior fossa evoked potential has research value as a method of monitoring pathways within the ventral spinal cord of the rat, and should be useful in the study of spinal cord injury. KEY WOADS 9 evoked potentials posterior fossa cerebellar evoked potentials 9 spinal cord monitoring 9 spinal cord injury rat E VOKED potential monitoring for electrophysiological assessment of spinal cord integrity is an increasingly important tool in patients with or at risk of developing spinal cord injury, and in the laboratory study of spinal cord injury. Somatosensory evoked potentials are frequently used as the sole method for this type of monitoring, especially in the operating room (for reviews see Friedman 6 and Nuwer~7). However, a disconcerting number of cases have been reported in which preservation of somatosensory evoked potentials has not reflected a new neurological deftcit. 7tt~322" 26 The spinal cord pathways that conduct these evoked responses involve primarily the dorsal columns with some contribution, during lower limb stimulation, from the dorsal spinocerebellar tract.:
Thus, efferent pathways are not directly monitored by this technique.
Transcranial or direct electrical stimulation of the motor cortex elicits a signal that can be recorded from the spinal cord, peripheral nerves, and distal musculature referred to as a "motor evoked potential." Efferent fiber activation has been shown in rats, cats, primates, and humans, and is believed to be predominantly mediated through the corticospinal tracts, t' 5"~5"~6"L824 Although clinical experience is currently limited, early results suggest that the motor evoked potential may be of value in the physiological assessment of the human spinal cord/3
Combined recording of somatosensory and motor evoked potentials should, in theory, provide an excel-lent means of monitoring posterior cord function, as both the dorsal columns and corticospinal tracts are located in this region. However, until recently there has been no selective method of determining the integrity of the ventral pathways. The ventral funiculus contains the vestibulo-and reticulospinal tracts which, in animals and likely in man, provide the major efferent control of locomotion and posture. 3'~z' The ventral spinal cord is also distinct with regard to its blood supply; compromise of the anterior spinal artery can cause infarction of central gray and ventral white matter but leaves the posterior and posterolateral funiculi intact. Thus, it is highly desirable to monitor both the ventral and dorsal spinal cord.
It would be advantageous to develop a method of spinal cord monitoring that encompasses both the somatosensory and motor evoked potentials with a ventral assessment technique. Ideally, this would provide the clinician or investigator with means to evaluate the physiological integrity of the entire spinal cord, to quantify the value of interventional therapy, or to warn of injury in high-risk situations. This paper provides a detailed analysis of the evoked potentials produced from stimulation over the rat cerebellum to verify their role in ventral spinal cord monitoring. Although the generators for these evoked responses are unknown, we have termed them "posterior fossa evoked potentials."
Materials and Methods

Operative Techniques
Twenty-nine adult male Wistar rats, each weighing from 408 to 690 gm, were anesthetized with intraperitoneal alpha-chloralose (75 mg/kg) and urethane (525 mg/kg). A tracheostomy was performed, followed by insertion of catheters into the femoral vein and artery. Animals not undergoing electromyography (EMG) were paralyzed with pancuronium bromide (0.6 mg injected intravenously every 30 minutes) and ventilated using a Harvard rodent ventilator. In contrast, when muscle responses were to be studied, the rats were immobilized in a stereotactic apparatus and allowed to breathe unassisted. All animals were maintained on a mixture of 3:1 oxygen and nitrous oxide. The rats were placed on a warming blanket, a rectal temperature probe was inserted, and body temperature was maintained at 36 ~ to 38~ Mean arterial blood pressure was continuously monitored and blood gases, sampled hourly, were kept in the normal range (pH 7.35 to 7.45, pO2 > 100 mm Hg, and pCO2 35 to 45 mm Hg) by adjustments in ventilation or small (0.2-to 0.5-ml) injections of sodium bicarbonate (1 mEq/ml).
The occipital musculature was sharply dissected from the posterior cranium and a l-ram diameter burr hole was placed 2 mm inferior to the external occipital protuberance and 2 mm to the right of the midline under the operating microscope. In 16 animals, two burr holes were made (one on each side, 2 mm lateral to midline) to compare the effects of right and left cerebellar stimulation. In all animals, laminectomies were performed at the C5-T1 and T9-10 levels, also under the microscope. Both sciatic nerves were exposed in nine rats to measure peripheral nerve potentials.
Evoked Potentials"
The technique of eliciting posterior evoked potentials is illustrated in Fig. 1 . A platinum ball electrode (anode), 0.8 mm in diameter, was positioned epidurally through the burr hole over the fight cerebellar hemisphere. This position corresponded approximately to the paramedian lobule, ~9 and was chosen for its ease of access, isolation from the cerebral hemispheres, and the thinness of the cortical bone in this region. An Ag/AgC1 disc electrode (cathode), 8 mm in diameter, was placed between the tongue and the hard palate to reference the stimulating electrode. An electroencephalograph (EEG) needle electrode was inserted subcutaneously between the stimulating and recording electrodes and was connected to a floating ground. Evoked potentials were recorded and analyzed using a signal averager.* Bandpass filters were set for 30 to 3000 Hz? Stimulus artifact was reduced by a circuit that turns amplifiers off 100 ~sec before the stimulus and on again 200 usec after.
In 14 rats, normal thoracic cord responses at T9-10 to cerebellar stimulation were studied; in four others gastrocnemius EMG signals were characterized. Sciatic nerve potentials were measured in nine animals from the above two groups. Sixteen of these 18 animals and 11 others had spinal cord lesions placed as described * Signal averager, Model 8400, manufactured by Cadwell Laboratories, Kennewick, Washington. below to determine the neuroanatomical substrate responsible for signal transmission.
Following laminectomy, the dura at the T9-10 level was opened with microscissors. The thoracic potentials were recorded from two platinum/iridium microelectrodes, 10 um in diameter, that were inserted into the cord at a depth of 500 ~m with micromanipulators under microscopic control. 5 The electrodes were spaced 5 mm apart in a rostrocaudal direction and were positioned to straddle the dorsal vein of the spinal cord. The active electrode was arbitrarily placed to the left of the dorsal vein at T-9. The reference electrode was inserted at T-10 (input impedance 300 to 500 kOhms at 10 Hz each). The effect of stimulus repetition rate, intensity, pulse width, and right-versus left-sided cerebellar stimulation on the thoracic cords responses was studied. Intensities, pulse widths, and repetition rates ranged from 0 to 30 mA, 50 to 500 usec, and 2.2 to 140 Hz, respectively. Each recording consisted of 512 averaged responses; all recordings were replicated.
Sciatic nerve potentials were recorded bilaterally from needle electrodes in a bipolar montage inserted directly into the nerve (active to reference distance 2 mm, input impedance 20 to 30 kOhms at 10 Hz). Once through the nerve, the needles were insulated by skewering small pieces of cork and then sutured to the adjacent fascia. The effect of stimulus repetition rate, intensity, and right-versus left-sided cerebellar stimulation on the sciatic nerve evoked responses was characterized as above, with 512 signals averaged for each recording and then replicated.
A bipolar montage consisting of two EEG needle electrodes (active to reference distance 1 cm) was inserted into each gastrocnemius muscle in the unparalyzed animals. 4 The threshold of the muscle potential and the response to 30-mA signals were studied at 4.2 Hz and 150 usec. Signals from right-and left-sided cerebellar stimulation were also compared. Fifty waveforms were averaged and then replicated.
Standardized stimulation parameters were used to establish normative characteristics for the thoracic cord (10 mA, 50 t~sec, 8.1 Hz), sciatic nerve (25 mA, 50 ~sec, 8.1 Hz), and the gastrocnemius muscle (30 mA, 150 ~sec, 4.2 Hz) responses to posterior fossa stimulation. These parameters were chosen because they typically produced the best response at the lowest possible stimulus intensity. They were also used for recording preand postlesion responses.
Spinal Cord Lesion
A cervical laminectomy (C5-T1) was performed in those animals undergoing spinal cord lesion studies. Six of the 27 animals in this group had more than one lesion placed for a total sample size of 33. The dura was carefully opened and selective injuries were made with a No. 11 scalpel blade or, in the case of dorsal funiculus ablation, with microseissors. Six types of lesions were studied: complete transection (four cases); dorsal funiculus section (seven); dorsal hemisection (eight); bilateral lateral funiculus section (five); unilateral lateral hemisection (four); and ventral hemisection (five). Ventral hemisections were performed by gently elevating the spinal cord with a curved dental instrument and transecting upward with a 3-mm broken tip of a No. 11 scalpel blade held with a hemostat. Following termination of each experiment, the animal was killed by intravenous injection of KC1 and the cords from all rats with subtotal spinal transections were harvested and postfixed in 10% formalin. Serial crosssections 8 um thick were cut through the lesion site and stained with Luxol fast blue and hematoxylin and eosin. Camera lucida drawings were made from these sections, then superimposed to reconstruct the extent of each lesion.
Measurement of Latency and Amplitude
The latencies of the different components of the thoracic cord evoked responses were measured from the onset of the stimulus to the peak of each wave. Onset of the sciatic nerve potential was measured from the start of the stimulus to the first significant positive or negative deflection from baseline (offset taken at the return of a persistent baseline). Latency of the gastrocnemius muscle potential was defined as the time from stimulus to the first negative or positive deflection. The distance between the stimulating electrode over the cerebellum and the recording electrodes in the thoracic cord or sciatic nerves was measured to estimate conduction velocities by the following formula: conduction velocity = distance/latency of earliest response. Amplitudes were scored as the voltage difference between the peak of one polarity and the peak of the preceding opposite polarity. The amplitude of the first peak of the T9-10 response was scored from the preceding point of inflection. Because of the complex nature of the sciatic nerve potentials, individual amplitudes were not scored; instead, estimates were made of the root-meansquare (RMS) voltage using software provided with the signal averager. The gastrocnemius EMG amplitudes were obtained by adding the two maximum peak-topeak amplitudes within a given response.
Statistical Analysis
Threshold differences between the T9-10 cord, sciatic nerve, and gastrocnemius muscle potentials were assessed by one-way analysis of variance. Comparisons of latency, amplitude, and RMS voltages under different stimulation conditions were made by repeated measures analysis of variance.t Because of the unstable error terms associated with amplitude measurements, a square root transformation was performed on all amplitude data. Further violations of the repeated measures assumptions were adjusted by Greenhouse-Geisser corrections. ~ Multivariate analysis was used for primary -~ Repeated measures analysis of variance software obtained from Statistical Analysis Systems, Cary, North Carolina. 
Results
Evoked Responses from the T9-10 Cord
The evoked potentials recorded from the lower thoracic spinal cord consisted of five positive and five negative peaks (Fig. 2 ). These were labeled Pu N~, P2, N2, P3, N3, P4, N4, Ps, and N5 in order of occurrence. Waves P3 to N4 were observed less reliably and so were not included in the quantitative analysis. Wave N5 could be distinguished by its characteristic low broad shape and long latency. The best signal definition was typically achieved by delivering stimuli of 10 mA with a pulse width of 50 ~sec at 8.1 Hz. Mean amplitude and latency values obtained using these parameters are shown in Table 1 Changes in stimulus intensity had pronounced effects on most components of the thoracic cord potential (Fig.  3 ). With stimulation above 15 to 20 mA, distinct changes in the morphology of the response occurred. Waves N~, P2, and N2 generally became short-latency, large-amplitude deflections, whereas later waves (P3, N3, P4, N4, Ps, and Ns) often became obscured by the emergence of new peaks. The latencies of P~ (F ---4.02, df 8,32, p = 0.048), Nj (F = 54.72, df 9,54, p = 0.0001), P2 (F ---14.50, df 8,48, p = 0.0002), and N2 (F = 6.88, df 9,54, p = 0.0109) decreased with increasing stimulus currents. Post hoc analysis of the recordings revealed that latencies did not substantially change until stimulation reached 10 to 15 mA, then they gradually decreased, stabilizing at 20 to 25 mA. However, N5 was resistant to these changes (F = 0.88, df 5,20, p = 0.4173). Amplitudes of P1 (F = 5.59, df 13,78, p = (Fig. 4) . Post hoc examination of these data showed that this effect reached a temporary plateau in PI at 7-mA stimulation intensity and in Nt, P2, and N2 at 8 mA; however, large changes began to recur at 15 to 20 mA, perhaps as new neuronal pools became recruited.
The effect of different stimulation presentation rates on the T9-10 cord response was assessed. Small latency changes (in the order of 0.01 to 0.06 msec) were found to be statistically significant in some cases. In general, latencies for all waves tended to increase from 8. Post hoc analysis demonstrated that this effect peaked at 300 usec; pulse widths longer than 400 usec were associated with diminishing amplitudes, likely from fatigue of the preparation.
In five animals, the thoracic cord evoked response obtained from right posterior fossa stimulation (10 mA, 8.1 Hz, 5 t~sec) was compared to that obtained from left posterior fossa stimulation (Fig. 5) . The stimulating electrode was positioned over the left cerebellar hemisphere in a manner identical to that described above for right cerebellar stimulation. Multivariate analysis of the normative data suggested a longer latency of N5 (F = 15.41, df 1,4, p = 0.0172) and larger amplitude of Pz (F = 9.03, df 1,4, p = 0.0398) with left cerebellar stimulation. However, when intensity data from right- 
Sciatic Nerve Evoked Responses
In all nine animals from which sciatic nerve recordings were made, unilateral cerebellar stimulation resulted in bilateral evoked potentials. Mean values for the characteristic parameters recorded at 25 mA, 50 usec, and 8.1 Hz are summarized in Table 2 . The mean conduction velocity of the earliest component of the sciatic nerve potential was 50 _+ 5 m/sec. There was no difference in onset, offset, or RMS voltage of signals from either sciatic nerve in response to unilateral stimulation. Similarly, no difference was observed in threshold intensity between left and fight sciatic nerves (F = 1.1636, df 1,8, p = 0.3122). Switching the side of cerebellar stimulation did not influence the evoked potential characteristics. Waveform morphology remained unchanged for a given sciatic nerve regardless of which cerebellar hemisphere was stimulated (Fig. 5) . Correspondingly, fight-versus left-sided cerebellar stimulation did not alter threshold intensities for either sciatic nerve response (F = 0.0352, df 1,7, p = 0.8565). Tests for the interaction of stimulation site and recording site (right or left sciatic nerve) were not significant (p > 0.05) for any of the above outcome measures.
Increasing the intensity of stimulation was associated with an earlier onset (F = 13.51, df 3,21, p = 0.0029), later offset (F = 19.69, df 3,21, p = 0.0002), and larger RMS voltage (F = 17.30, df 3,24, p = 0.0009) of both sciatic nerve potentials. Analysis of the recordings revealed that these trends existed throughout the intensity series; thus, within the stimulus intensities applied, saturation of the response was not achieved. Neither unilateral stimulation (p > 0.05) nor alternating the cerebellar hemisphere being stimulated produced significant differences between fight and left sciatic nerve signals. Once again, tests for the interaction of stimulation site and recording site were not significant.
All elements of the sciatic nerve recordings appeared able to follow high stimulation frequencies. No obvious changes occurred even in later components with stimulation rates of 85 Hz or greater. Statistically, no effects were seen on onset (F = 1.20, df 5,30, p = 0.3324, offset (F = 0.61, df 4,24, p = 0.5996), or RMS voltage (F = 0.56, df 5,25, p = 0.5977) with changes in stimulation rate, which argues against transsynaptic conduction of this evoked potential. There was no discrepancy between right or left sciatic nerve responses to different frequencies from unilateral stimulation. Similarly, the side of cerebellar stimulation did not influence the sciatic nerve potentials. Interaction between stimulation and recording sites was not significant. Table 3 summarizes the multivariate statistics comparing the effect of right-versus left-sided posterior fossa stimulation (stimulation site) and right versus left sciatic nerve recording (recording site) on the evoked potentials, derived from the normative, intensity, and frequency data.
Gastrocnernius Muscle Evoked Responses
Gastrocnemius muscle evoked responses were recorded in four animals. Unilateral stimulation produced a bilateral muscle response ( It is of particular note that the threshold intensities required to elicit the thoracic cord, sciatic nerve, and gastrocnemius muscle responses were significantly different (F = 68.39, df 2,22, p = 0.0001). Post hoc analysis of the recordings confirmed that the threshold of each evoked potential was distinct from that of the others.
Spinal Cord Lesions
Although all spinal cord lesions were made with microsurgical techniques, at best this procedure represented an approximate method of selective ablation. Histological examination of the lesion site provided an index of physical disruption, but was not necessarily sensitive to more subtle alterations in electrophysiological activity. Subsequent changes in latency and amplitude were therefore difficult to interpret. Thus, the gross presence (or absence) of the postlesion evoked potential was the criterion used to indicate the status of conduction pathways.
The thoracic cord potential alone was evaluated in 19 rats with spinal cord sectioning. All three complete cord transections resulted in a total loss of electrical activity. Sectioning of the dorsal funiculus caused some amplitude changes in two of three animals, but all waves remained present compared to the prelesion response (Fig. 6) . It is important to note that, in contrast to higher order mammals, the corticospinal tracts of the rat are located at the base of the dorsal columns beneath the fasciculi cuneatus and gracilis. 23 Therefore, dorsal funiculus ablation destroyed both pyramidal pathways as well as the primary afferents. In all five dorsal hemisections, T9-10 cord activity was essentially unchanged (wave N5 was lost following injury in one rat). Improved signal definition and increased amplitudes occurred in one of four bilateral lesions of the lateral funiculus; responses in the remaining three were maintained. Hemisection of the left side of the spinal cord in one animal diminished the amplitude of early waves to about one-third of the prelesion state and extinguished the N5 wave. In the three ventral hemisections, all recognizable components of the thoracic response were lost.
The pathways responsible for conduction of the sciatic nerve evoked responses were assessed in 10 spinal cord lesion experiments; in each of these trials, T9-10 cord activity was monitored as well (Fig. 7) . Complete cervical cord transection in one animal resulted in loss of responses from both sciatic nerves and the thoracic cord. Bilateral sectioning of the lateral funiculus sectioning in one rat resulted in improved signal definition and increased amplitudes in both the sciatic nerve and T9-10 cord potentials. Ventral hemisection (also in one animal) did not change the response of either sciatic nerve; however, the thoracic response at 10 mA was lost except for what might have been attenuated N~ and N5 waves. Further activity could be recorded from the T9-10 cord at the higher intensities used to elicit the sciatic nerve evoked responses. Dorsal hemisection in two animals abolished the sciatic nerve activity bilaterally, while leaving the thoracic potential intact. Similarly, dorsal funiculus lesions in two animals (sparing the lateral funiculi) resulted in loss of the sciatic nerve response bilaterally. In both cases, the early thoracic cord signal was preserved (the N5 wave was lost in one). Lateral hemisection of the spinal cord extinguished the ipsilateral sciatic nerve potential in two of three animals while the contralateral response remained unchanged. Subsequent stimulation of the opposite cerebellar hemisphere did not alter the morphology of the persisting sciatic nerve waveform. In the third animal both sciatic nerve signals actually improved following lateral hemisection (better wave definition and larger amplitudes). Not surprisingly, histological examination of the lesion revealed disruption of only the lateral funiculus with sparing of the fasciculi cuneatus and gracilis, and the corticospinal tracts bilaterally.
In four animals, the gastrocnemius muscle evoked responses were studied before and after spinal cord sectioning (Fig. 8) . Sciatic nerve potentials were also monitored. Ventral hemisection in one animal left the EMG for the most part unchanged (an amplitude decrement was noted bilaterally) while the sciatic nerve response was maintained as well. The thoracic signal was essentially absent at 10 mA, but cord activity could be recorded when higher current intensities were employed. Dorsal hemisection in another animal abolished gastrocnemius muscle and sciatic nerve activity bilaterally. In one of two animals, the gastrocnemius muscle responses persisted despite dorsal funiculus ablation, while the sciatic nerve responses were lost; in the other, the sciatic nerve and gastrocnemius muscle potentials were lost bilaterally. Histological examination of these two spinal cords demonstrated a lesion confined to the dorsal columns in the first rat, but damage extended well into the ventral funiculus in the second. The lateral funiculi in both animals appeared intact.
Discussion
Historical Perspective
In 1980, Young, el a[., 25 proposed the vestibular evoked potential as a measure of ventral spinal cord integrity. Direct stimulation of the exposed vestibular nerve in cats produced an evoked potential that could be recorded from the thoracic and lumbar spinal cord. The response was attenuated following mild thoracic cord injuries and was lost after severe injuries. Similarly, the vestibulospinal free-fall response was characterized in cats for the purpose of ventral cord assessment. Jo Nonpyramidal tract activation from direct and transcranial stimulation over the cerebellum in cats was described in 1986 by Levy, et al. 14 This technique did not require exposure of the vestibular nerve and could be used on anesthetized animals. The response, termed the "cerebellar evoked potential," could be recorded distally from the spinal cord despite midcollicular transection (which abolished the motor evoked potential) and sequential dorsal sectioning of the proximal spinal cord. Preliminary observations in human patients have verified that signals can be obtained from spinal cord, peripheral nerves, and muscles with direct or transcortical electrical stimulation over the cerebellum. ~2
Epidural Cerebellar Stimulation: Rat vs. Cal
We found that the posterior fossa evoked potential was easy to record and highly reproducible. Levy, et al., ~4 reported conduction velocities of 100 to 140 m/ sec for the responses recorded from the spinal cord. This is much faster than the 53 m/sec we found; however, their conduction velocities were based upon traveling time between upper and lower thoracic recording sites. As can be seen from the example in their Fig. 9 , the early components of the evoked response are very close to the stimulus artifact, and indeed may even be obscured by it. This would serve to inflate the estimated conduction velocity. We encountered similar problems with attempts to record the cervical cord activity from the C-7 vertebral level in the rat, and were forced to abandon this procedure. Arguably, our calculations based on distance from stimulation site to recording site could have underestimated conduction velocity if early parts of the T9-10 cord response were obscured by stimulus artifact.
The effects of cervical cord lesions on the T9-10 cord response in the rat are comparable with the findings described by Levy, et aI., ~4 that dorsal column sectioning did not change similar evoked potentials recorded from the cat spinal cord. Lateral cerebellar stimulation produced a response that was maintained until the sectioning of the most ventral 2 to 3 mm of the cord. 14 Unfortunately, only the spinal potentials were evaluated in the cat; there are no previously published results for peripheral nerve or muscle responses following selective spinal cord lesioning. We found that the sciatic nerve recordings in the rat were consistently abolished with destruction of the dorsal funiculus. Since an EMG response could not be measured at this intensity, and because corticospinal tract injury did not affect the sciatic potentials (Fig. 7 lower left) , it is likely that these signals were carried antidromically in the primary afferents of the dorsal columns. Although studied in only four animals, the gastrocnemius muscle evoked potentials seemed localized to the dorsal half of the spinal cord. Because of the small sample size, however, it is difficult to resolve the discrepancy arising between the two animals with dorsal funiculus lesions. The differences described in lesion size may have permitted greater or lesser sparing of efferents in the corticospinal or perhaps rubrospinal pathways. Further studies are necessary to clarify this issue.
Origin of the Posterior Fossa Evoked Potential
The results of the present study provide indirect evidence of the origin of the various posterior fossa evoked potentials in the rat. First, it is important to note that the threshold currents required to elicit the thoracic cord, sciatic nerve, and gastrocnemius muscle responses were increasingly large. This suggests that higher stimulus intensities were necessary to activate progressively more remote structures. Second, bilateral potentials were recorded from both the nerve and muscle following unilateral stimulation. There were no lateralizing characteristics in responses obtained from the spinal cord, peripheral nerve, or muscle that were dependent on the hemisphere being stimulated; that is, the amplitudes, latencies, and morphology were not influenced by changing the side of stimulation. Furthermore, statistical analysis failed to demonstrate any evidence of interaction between stimulation and recording sites for the bilateral responses. For example, this would have elucidated a small latency decrease in the right sciatic nerve evoked response with right cerebellar stimulation and a similar small latency decrease in the left sciatic nerve evoked response with left cerebellar stimulation, either of which would not be significant in isolation. This suggests the activation of neuronal substrates with primarily bilateral output or, more likely, the nonselective stimulation of bilateral neuronal pools. Third, the lesion studies indicate that the T9-10 cord, sciatic nerve, and probably the gastrocnemius muscle potentials are transmitted through separate regions of the spinal cord. It is unlikely that this represents collateral activation from a common origin, as the stimulation intensities for each are so different. Also, the sciatic nerve activity and the early part of the thoracic cord response follow high stimulation frequencies, which argues against polysynaptic mediation. Thus, it is more likely that each potential is generated from a distinct source.
Direct excitation of the fastigial, interpositus, or dentate nuclei might evoke the responses seen; however, one would then expect a large contribution from the red nucleus in subsequent recordings. Our lesion studies implicate the rubrospinal pathway only in gastrocnemius muscle activity. Because the stimulating electrode was referenced to the palate, the current flow was oriented directly across the brain stem as well as the cerebellum. Therefore, it is possible that the thoracic response arises from activation of bilateral reticular formation and/or vestibular nuclei. One expects, with increasing stimulus intensities, to produce a wider current distribution (in addition to increasing the current density) between the two stimulating electrodes. The striking amplitude changes of the T9-10 cord signal at intensities greater than 15 mA (Fig. 4) probably represent recruitment of new neuronal generators more remote from the stimulating electrodes. It is at these same intensities that the sciatic nerve evoked responses are best recorded, mediated primarily through the dorsal columns as indicated by our studies of lesioned animals. Similarly, the increase in pulse width necessary for gastrocnemius muscle activation likely captures more remote fibers in passage, such as the corticospinal or rubrospinal tracts. Alternatively, neurons in the magnocellular red nucleus may be directly excited. These hypotheses explain the inability to saturate the T9-10 cord evoked potential, the bilaterality of the peripheral responses, the nonspecificity of the stimulated hemisphere, the ability of the sciatic signal to follow high stimulation frequencies, and the anatomical implications of the lesion studies.
Consideration of brain-stem anatomy in the rat lends credibility to this line of reasoning. The lateral vestibular nucleus, with axons projecting the entire length of the spinal cord, is 4.5 mm from the paramedian lobule and lies directly between the stimulating and reference electrodes. ~9'' 3 The medial vestibular nucleus does not project past the midthoracic level. The gigantocellular and cuneiform reticular nuclei lie 6 to 7 mm deep to the stimulation site, just ventral and dorsal (respectively) to the line between it and the reference electrode ("current axis"). They also project the entire length of the spinal cord. The cuneate and gracile nuclei are only 3.5 mm from the paramedian lobule but, in order to reach these structures, the current must spread about 45 ~ inferior to its axis. Subsequently, a higher threshold of activation would be expected. Since the fasciculus cuneatus ends at the lower cervical cord, an antidromic dorsal column response measured from the T-9 cord must be carried by the fasciculus gracilis. Finally, at the medulla, the rubrospinal and corticospinal tracts are 7 to 8 mm from the stimulation site and 45 ~ inferior to the current axis. The rubrospinal tract is also more lateral. As the angle to the axis is diminished, the distance to these fibers in passage increases until the red nucleus and cerebral peduncles are reached, 9.5 and 12 mm from the paramedian lobule, respectively. '9 One would expect an even higher activation threshold to be necessary to excite these structures. Both provide major efferent outflow that travels the entire length of the rat spinal cord.
Conclusions
The results of this experiment establish that the posterior fossa evoked potential recorded from the rat spinal cord within certain stimulation limits (analogous to that of the cat), primarily reflects integrity of the ventral funiculus. In addition, we have delineated how various stimulation parameters alter this response. Thus, monitoring of T9-10 cord activity in response to posterior fossa stimulation can complement motor and somatosensory evoked potential recordings in an animal model. However, although this technique has been used in humans, further studies are required to verify that nonpyramidal pathways are primarily responsible for this response in man and that this technique will be sensitive to even small violations of electrophysiological integrity. In addition, we have shown for the first time that peripheral nerve and muscle responses do not necessarily reflect conduction pathways established for central signals. A critical review of stimulation parameters and localization methods in the published literature is warranted to avoid such potentially misleading assumptions.
